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ABSTRACT
A silicon, overlay, microwave transistor, the TA7205, that delivers 6
watts of output power at 2.3 gigahertz with 5-dB power gain and 50-percent
collector efficiency was designed and developed. This performance was obtained
with the transistor operating in the common-base mode as a Class-C amplifier
from a 28-volt power supply. To achieve the above performance, a hermetic
coaxial package capable of efficient operation at microwave frequencies up to
2.5 gigahertz was designed and developed.
Operating under 50-percent duty cycle pulsed-input conditions from a 32-
volt power supply, the TA7205 transistor delivered 8 watts of output power at
2.3 gigahertz with 5-dB power gain and 56-percent efficiency. The excellent
performance of the TA7205 as a microwave amplifier was attributed to the use
of an advanced overlay surface geometry containing 0.07-mil-wide emitter sites,
and to the application of diffusion techniques required to achieve very narrow
base widths.
Of the 300 TA7205 transistors that were delivered during the contract
period, 217 were in the hermetic coaxial package developed under this contract.
The remainder of the transistors were specially packaged in accordance with
agreements reached with the contract representative. Typical performance of
the hermetic coaxial-packaged transistors was 5 watts of output power at 2.3
gigahertz with 4.7-dB gain and 45-percent collector efficiency.
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SECTION I
OBJECTIVE
The objective of this contract was the development of an 8-watt, 2.3-
gigahertz silicon transistor having 6-dB power gain and 50-percent efficiency.
eK E(ZEDING PAGE BLANK NOT FILMSEO.
SECTION II
INTRODUCTION
The design and development of a silicon transistor to generate high power
at microwave frequencies required the consideration and solution of a number
of diverse problems.
First, an advanced overlay geometry was used because this geometry con-
tained the emitter periphery necessary to obtain the required current-handling
capability in the minimum collector area consistent with the limitations of
photolithographic capabilities and thermal dissipation. The device geometry
also provided for an optimal bonding arrangement that resulted in the mini-
mization of parasitic bonding pad capacitances and in a more uniform distri-
bution of current within the transistor.
Secondly, advanced diffusion techniques were applied to obtain the very
narrow base widths required to achieve a gain-bandwidth product (f T) of
approximately 2.3 gigahertz and the resulting microwave performance capa-
bilities.
A major portion of the effort expended on this program involved the
design and development of a hermetic coaxial package compatible with the
device geometry and capable of dissipating up to 12 watts. The package de-
sign also resulted in low degenerative inductive and capacitive reactances.
The hermetic coaxial package exhibited excellent mechanical strength and ease
of application in the intended coaxial circuitry. It also exhibited ready
adaptability to stripline or microstripline circuitry.
Finally, the coaxial and microstripline circuitry developed during the
course of this contract provided the filtering and matching networks that
were required for optimum circuit performance. The use of a resistor in the
input-biasing network permitted extensive mismatch during tuning without
	 =
failure or degradation of the transistor.
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SECTION III
DEVICE DESIGN AND DEVELOPMENT
A. DEVICE DESIGN CONSIDERATIONS
Extending the frequency capabilities of RF power transistors into the
microwave range requires consideration of the interrelation of pellet and
package design factors to a greater degree than is necessary at lower fre-
quencies. The design goals relative to frequency response, current-handling
capability, and thermal capability are dual functions of both pellet and
package design.
Frequency response is generally characterized. by f T , the frequency at
which current gain drops to unity and by power gain at the operating frequency.
Both of these factors depend upon the device surface geometry, the device
cross-sectional design, and package parasitics. Specifically, the require-
ments for good frequency response are sufficient emitter periphery to result
in low base-lead resistance rbb ' at the specified output power level; a sur-
face geometry that contains the necessary emitter periphery in the smallest
practical base area to minimize output capacitance; and a base width narrow
enough to give current gain at the operating frequency. At the same time,
the inductive and capacitive losses within the chip and in the chip-to-pack-
age and package-to-circuit connections must be minimized.
Current-handling capability requires that the emitter periphery be ade-
quate to maintain current gain during periods of peak operation. It also
requires that the resistivity of the collector region be low enough to mini-
mize base-widening effects at high injection levels. However, the resistivity
of the epitaxial collector must also be maintained high enough to support
the required operating voltage.
Finally, the transistor must be capable of dissipating the heat generated
during normal operation while maintaining the junction temperature below
5
2000C. This condition requires the pellet design to have a high length-to-
width aspect ratio and the package to provide an adequate path for thermal
dissipation to a heat sink. Thermal dissipation in the package is determined
by the construction materials of both the conducting and the insulating parts,
and by the physical configa,ation of the package.
B. DEVICE DESIGN CALCULATIONS
1. DEVICE SURFACE GEOMETRY
As indicated in Paragraph A of Section III, the surface geometry of a
device designed to operate as an amplifier at 2.3 gigahertz must contain the
required emitter periphery in the minimum base area consistent with photo-
lithographic capabilities. Consequently, the design was governed by such
factors as minimum line-width resolution and minimum alignment tolerances at
both the photomask and wafer stages. Once these factors were projected, the
spacing between emitter sites, i.e., the width of the p+ matrix, was determined
by the requirement that the voltage drops in the p+ matrix be maintained at a
level low enough to permit relatively uniform injection along the length of
each site. Finally, the arrangement of the required number of sites into rows
of emitters depended upon optimizing such factors as inductive and resistive
voltage drops along the metalizing fingers, parasitic bonding pad capacitances,
and the active area aspect ratio (base length/base width). The latter factor
has been shown to be related to device thermal capabilities (see Section III,
Paragraph B, Subparagraph 4).
The important dimensions of this device, designated the TA7205, are
presented in Table I.
TABLE I. SURFACE GEOMETRY OF THE TA7205 TRANSISTOR
Number of sites	 180
Emitter periphery (EP) 	 565 mils
Base area (BA)
	 180 mils 
Base periphery
	 75 mils
EP/EA
	 30.0 mils/mils2
EP/BA	 3.14 mils/mils2
Active area aspect ratio
	 5.67
(Base length/Base width)
The cell structure of the TA7205 transistor is shown in Figure 1. A
finished pellet for the TA7205 is shown in Figure 2.
2. FREQUENCY RESPONSE
a. Delay-Time Factors. The frequency response of a transistor-ampli-
fier is related to the time required for the effect of a change of potential
at the emitter to be felt at the collector. The time required is a function
of the mobility and velocity of carriers, and results in a phase lag between
input and output signals. As frequency increases, a point is reached where
the device does not respond to input-signal variations, resulting in a de-
crease in power gain.
The total time delay ( TeC ) of a device, as shown in Eq. (1), is
comprised of four terms: the emitter junction capacitance charging time (T e),
the base transit time (Tb), the depletion region transit time (Tx), and the
collector junction capacitance charging time (T c).
TeC = T e 	 Tb -F Tx + T C	 (l)
The delay-time factors were calculated for the TA7205 transistor
surface geometry and cross-sectional design, and are summarized in Table H.
TABLE H. CALCULATED DELAY-TIME FACTORS FOR THE TA7205 TRANSISTOR
Emitter charging time (T 
e )
Base transit time (T b )
Collector depletion layer
transit time (T )
x
Collector junction capacitance
charging time (T C)
Emitter-to-collector transit
time (Tec)
0.12 x 10-11 sec
1.35 x 10-11 sec
1.54 x 10-11 sec
0.85 x 10-11 sec
3.86 x 10 11 sec
The calculated values are based upon a power output of 8 watts, an f  of
k.3 gigahertz, a collector bias of 28 volts and a collector efficiency of
50 percent. At this power level and efficiency, the collector current is
	 -
570 milliamperes. For the assumed fT
 of 2.3 gigahertz and a 90-degree phase
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shift between base and collector current, the base current also is 570 milli-
amperes and the emitter current is 800 milliamperes. A base width of 0.005
mil, and a 1.3-ohm-cm epitaxial layer resistivity also were assumed.
b. Gain Bandwidth Frequency. Gain bandwidth frequency (f T), the
frequency at which current gain drops to unity, is related to the delay-time
factors by
fT271 z	 . . . . . . . . . . . . . . . . . . . . . . . (2)
ec
For the TA7205 transistor,
1
f = 4.1 gigahertzT	 2n (3.86 x 10-11 sec)
Note that the measured value of f  (see Section IV) at V CE levels of 5.to 10
volts was closer to the assumed f  value of 2.3 gigahertz. This difference
can be attributed in part to thermal problems associated with the measurement
fixtures. Probably more significant, however, are the inductive and capaci-
tive losses associated with the bonding wires and the metalized ceramics of
the package, which limit the effective fT of the device.
c. Maximum Available Power Gain. A parameter of equal significance
for a high-frequency transistor is the maximum available power gain (MAPG).
For common-base or common-emitter circuits, MAPG can be expressed as follows
f MAPG = 8,rf
2 rbb ' Cb'c
	
. . . . . . . . . . . . . . . . . . (3)
where, for the TA7205 transistor,
f	 = operating frequency = 2.3 gigahertz
fT
	4.1 gigahertz (see previous discussion)
rbb '	 base spreading resistance = 0.31 ohm
Cc
	collector-base junction capacitance = 5.0 picofarads
Thus, MAPG = 19.5 or MAPG - 12.9 dB.
10
This figure is a measure of the power gain that can be obtained
from the basic pellet surface geometry and cross-sectional design factors. It
does not include the effect of lead inductance or package parasitics, which
tend to limit actual power gain. If the total Cob and an f  of 2.3 gigahertz
extrapolated from actual measurements are used in Eq. (3), thereby adding the
effects of capacitance due to metal-over-oxide and package parasitics, the cal-
culated MAPG is 8.50 or 9.3 dB. The actual power gain achieved with the TA7205
transistor in a common-base amplifier was as high as 6 dB at the saturated out-
put power level at 2.3 gigahertz (see RF evaluation discussion in Section IV).
3. DEVICE CURRENT-HANDLING CAPABILITY
The observed high current falloff in the f  of a transistor is a
result of the neutral base layer spreading into the collector region of a
device. (1) This effect is initiated when the mobile carrier space density
in the collector transistor region becomes approximately equal to the fixed
ima;arity-charge density on the high-resistivity side of the collector -3unc-
tion. The current at which base widening or base spreading begins can-be
calculated as follows
max	 q Ae ND ©L
q	 = electron charge
A	 = effective emitter area
e
ND	= impurity concentration in the collector region
V 
	 = scattering limited velocity
For the TA7205 transistor,
Imax
	 (1.6 x 10 19}(1.22 x 10 4)(4 x 1015)(8 x 106}
= 623 milliamperes . . . . . . . .
	 . . . .	 . . (4)
(1) C. T. Kirk, Jr., "A Theory of Transistor Cutoff Frequency (f T) Falloff
at High Current Densities," IRE Transactions on Electron Devices,'
Vol. ED-9, No. 2, March 1962.
i11
The discussion in Section IV will indicate that measurements of f 
at various collector currents showed no falloff until the 500-milliampere
level was reached. Part of the falloff obtained above the 500-milliampere
current level was attributed to thermal losses under measurement conditions.
4. DEVICE THERMAL CAPABILITY
The thermal requirements of a device designed to deliver 8 watts at
2.3 gigahertz depend upon projected efficiency and power gain. The device
specifications of 50-percent efficiency and 6-dB power gain are equivalent
to a 10-watt dissipation. At the specified case temperature of 25 0C, a maxi-
mum junction-to-case thermal resistance of 17.5 0C/watt is required to main-
tain a maximum junction temperature of 2000C.
To evaluate the device designs for thermal resistance, reference was
made to an RCA-developed correlation between collector-base junction periphery
and thermal resistance. This empirical correlation was made with a number
of RCA transistors having base peripheries ranging from 26 to.560 mils and
base aspect ratios (length to width) varying from 10 to 1. In designing the
TA7205 transistor, the base aspect ratio was optimized within the limitations
defined by the capability of generating photomasks with the required fine-line
pattern (see Paragraph C, Section III). The correlation shown in Figure 3
predicted that the thermal resistance for the TA7205, which has a 75-mil base
periphery-, would be 7.70C/watt.
Thermal resistance measurements were obtained on 6 samples of the
TA7205 mounted in the hermetic coaxial package (see Figure 4). The measure-
ments were made by monitoring the change in V BE as power was dissipated in
the device. The junction-to-case thermal resistance was typically 80C/watt
for the TA7205 transistor. The measurements ranged from 7.35 to 8.70C/watt.
This thermal resistance is low enough to maintain a maximum junction tempera-
ture of 2000C with case temperatures as high as 1200C.
The sections on coaxial package development (Paragraph D, Section
III) and on electrical evaluation (Section IV) show that the design of the
hermetic coaxial package resulted in a considerable improvement in thermal
12
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capability compared to the plastic coaxial package used in the initial device
evaluations.
C. PROCESS DEVELOPMENT
1. GENERAL
Before the final design of the TA7205 surface geometry was established,
it was necessary to consider the existing capabilities for generating photo-
masks with the requisite fine-line geometry. Ultimately, the ability to
optimize the surface-geometry-design ratios of a microwave transistor chip
depends upon the minimum line width that can be printed at the photomask
and wafer stages. Equally critical in developing such a transistor is the
ability to control diffusion and epitaxial processes to achieve minimum base
width, adequate current-handling capability, and protection against mismatch
conditions.
2. PHOTOMASK AND PHOTOLITHOGRAPHIC TECHNIQUES
Serious problems of pattern fading and dimensional variations of the
emitter sites at the ends of the base pattern were experienced with earlier
photomask designs containing 0.07-rail-wide elements. These dimensional varia-
tions are a function of the resolution capability of the photorepeater lens
and the uniformity of light intensity across the lens. Although a base
pattern with a large aspect ratio (length/width) is desirable for thermal
dissipation, the requirements for uniformity of emulsion density and dimen-
sional uniformity of the fine-line elements of the pattern (from end to end)
were considered critical to the ability to define the patterns on silicon
wafers.
To determine the photomask fa.$rication capabilities, a series of
continuous 0.07-mil-wide lines extending across the photomask were generated
as test patterns. Evaluation of these test patterns led to the conclusion
that the maximum length over which the definition of the 0.07-nil-wide line
was acceptable was approximately 35 mils. Consequently, the final design
for the TA7205 utilized a 32 mil by 5.65 mil base pattern containing 180
sites that are 0.07-mil wide by 1.5-mils long.
:'
a
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3. DIFFUSION
a. Narrow Base Width Techniques. It was determined that base widths
less than 1500 are required to obtain significant power gain at 2.3 giga-
hertz. To achieve a very narrow base width, a high net impurity concentra-
tion (ND - NA) is required in the base under the emitter. This impurity
minimizes the spread of the collector-base depletion region into the base,
thereby preventing this layer from punching through to the emitter junction
under normal operating conditions. For a given base width, the higher net
doping in the base region under the emitter also reduces edge injection and,
consequently, minimizes base-widening effects.
To achieve the required high doping in the base width region, a
steep impurity gradient is indicated. This objective was accomplished by
using a very shallow base diffusion (0.022 mil). This diffusion was used
in combination with a surface geometry, which preludes reoxidation and de-
finition of emitter contacts within the emitter sites. Thus, the lateral
diffusion of the emitter under the base oxide provides insulation of the
emitter-base junction at the wafer surface. Using the diffusion technique
described, the required base widths were achieved with a low incidence of
punchthrough.
b. P+ Penetration. The primary requirement of the p+
 diffusion in
an overlay transistor is a sheet resistance sufficiently low to carry the
device base current to the metalized contacts without excessive voltage drop.
When the voltage drop down the p+
 grid is too high, nonuniform injection
results along the length of the emitter sites. Since the sheet resistance
of a diffused layer is inversely proportional to its thickness for a given
average conductivity, the deepest p+
 diffusion consistent with the device
surface geometry is normally used.
Another factor that suggests using a deep p +
 diffusion is the
relationship between breakdown voltage and junction depth. It is known that
the breakdown voltage of a planar junction is a direct function of the junc-
tion depth (see Figure 5). This effect is related to the high field along
the edges of the junction near the surface. Since the p+ pattern lies out-
16
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side the bass pattern in the TA7205 transistor, the edge of the collector-base
junction is determined by the p+ diffusion.
A limitation on the depth of the p+ junction is inherent in the
effects of lateral diffusion under the oxide mask. Figure 6 shows that the
deeper p+ diffusions used in earlier runs resulted in an alignment tolerance
between the emitter and p+ regions of only 0.02 mil. It was observed that
transistors fabricated with the deeper p+ grids exhibited both reduced current
gain (11FE) and current gain bandwidth (f T), particularly at higher levels of
collector current. The lower level of current gain under these conditions
can be attributed to a reduction of emitter efficiency caused by the decreased
ratio of base-to-emitter resistivity (p b/pe) at the point of emitter penetra-
tion into the p+ region. At the higher drive levels when edge injection be-
comes significant and thereby causes base widening, the normal falloff in
gain is accentuated by lower injection efficiency.
To improve the saturated output power level, later runs used a
shallower p+ diffusion, thereby doubling the alignment tolerance between
emitter and p+ regions co 0.04 mil (see Figure 6). As expected, devices from
these runs exhibited a slightly lower collector-base breakdown voltage, but
the typical 55-volt level achieved is sufficient for 28-volt operation. Fur-
thermore, saturated output power was increased to the 5- to 6-watt level.
c. Epitaxial Design. A number of factors were considered in design-
ing the epitaxial layer. First, the resistivity of this layer, which consti-
tutes the collector of the device, was maintained as low as possible within
the limitations imposed by operating voltage requirements. Low collector
resistivity is necessary for good current-handling capability, as discussed
in Paragraph A of this section. Secondly, in observing a number of RCA UHF
devices, it was determined that current-handling capability and frequency
response are inversely related to the thickness of the epitaxial layer. The
measure of current.-handling capability used in these evaluations was the rate
of falloff of the current gain bandwidth product f  with increasing collector
current.
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Optimizing the epitaxial design for the above factors, it was
determined that the TA7205 exhibited a relatively flat f  response over a
range of collector currents from 250 milliamperes to 500 milliamperes (see
Figure 9, Section IV). The observed 55-volt collector-base breakdown voltage
was further evidence of a satisfactory epitaxial design.
D. COAXIAL PACKAGE DEVELOPMENT
A significant portion of the,effort expended on this program was related
to the development of a hermetic package capable of efficient operation at
2.3 gigahertz. From both bandwidth and stability considerations, a suitable
package for microwave applications should have low common lead inductance,
low feedthrough capacitance, and good thermal properites. In addition, the
transistor package should be mechanically strong and hermetic. To satisfy
these requirements, a hermetic coaxial package was developed by RCA (see
Figures 4 and 7).
A plastic coaxial package was utilized for initial pellet evaluations.
This package met some of the requirements but was inherently nonhermetic.
Also, compared to the new package, it was thermally and mechanically poor.
In comparing the RF performance of the plastic and hermetic coaxial pack-
Ages (see Paragraph C, Section IV and Figure 23), the hermetic coaxial case
using pellets from the same run in the same test fixture shows a 40-percent
improvement in saturated output power. In addition, the improved thermal
design of the new package is reflected by the reduction in power slump as
compared to that obtained from the plastic package at the same RF test condi-
tions. Power slump refers to the reduction in output power from the initial
(cold) level to a stabilized level. It is caused by the inability of the
package to efficiently dissipate the heat generated by the chip. Power alump
was reduced from the 400- to 600-milliwatt level in the plastic case to about
100 to 200 milliwatts in the hermetic case.
Mechanically, the hermetic coaxial package developed under this contract
demonstrated that it was at least as strong as a smaller RCA hermetic coaxial
package (used with the 2N5470 transistor) and that it was considerably stronger
20
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than the plastic coaxial package used in initial device evaluations. These
mechanical tests are summarized in Table III.
The design features of the hermetic coaxial case that resulted in the im-
proved electrical, thermal, and mechanical characteristics discussed in the
preceding paragraphs are shown in Figure 7.
Low common-lead inductance was achieved by minimizing the distance between
the base flange and the pellet -to 25 mils, and by utilizing dual bonding of
each base lead. The dual base leads are 180 degrees apart, thereby minimizing
mutual coupling between the leads and resulting in lower lead inductances.
Three such dual leads were used on the base terminal.
Emitter-lead inductance is somewhat higher due to the longer path from
the pellet to the metalized surface of the alumina (40 mils). However, using
four dual leads minimized emitter-lead inductance.
Low feedthrough capacitance is inherent in the coaxial configuration,
which interposes the ground potential base flange between the input and out-
put at all points. This factor contributes to common-base amplifier stability.
The improved thermal capabilities of the hermetic coaxial package (com-
pared to the plastic coaxial package) result from using a Be0 insulator be-
tween collector (stud) and base (flange). This insulator permits heat sink-
ing the transistor through the flange as well as the stud.
Series-resistance losses in the input and output circuit were minimized by
using solid silver for the stud, flange, and cap. This modification in the
hermetic package contributed to the observed 40-percent improvement over the
plastic package. Prototypes of the hereetic coaxial package used copper studs,
copper flanges, and Kovar caps. These units also contained a silver braze
ring between the alumina and the cap. The RF output power obtained from the
best run of these TA7205 prototypes was approximately 10 percent lower than
that obtained from the final version of the package.
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E. DEVICE DESIGN SiJ IARY
The various data and calculations presented in the preceding paragraphs
show that the surface geometry, cross-sectional design, and package design of
the TA7205 provide the frequency response, current-handling capability, thermal
capability, and operating voltage required for the generation of high power
(greater than 5 watts) at 2.3 gigahertz.
The surface-geometry design uses the overlay concept in combination with
the narrowest emitter sites (0.07 mil) contained in the smallest practicable
base area consistent with photomask fabrication and photolithographic align-
ment capabilities. The aspect ratio of the base area is also optimized for
thermal capability and low chip parasitics within the limitations of photo-
repeater lens resolution capabilities. The surface geometry and design ratios
are summarized in Table I and Figure 1.
To obtain satisfactory gain at 2.3 gigahertz, diffusion techniques were
applied which resulted in very narrow base widths (less than 1500 ^). The p
grid diffusion was also optimized to balance the requirements of current
handling, breakdown voltage, and saturated output power.
Finally, a hermetic coaxial package that results in low common-lead induct-
ance, low feed-through capacitance, and good thermal-dissipation characteristics
was designed and developed. Section IV will show that the coaxial package
resulted in a significant improvement of RF performance at 2.3 gigahertz over
earlier package designs.
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SECTION IV
CIRCUIT DESIGN AND EVALUATION
A. CIRCUIT DESIGN CONSIDERATIONS
1. GENERAL CONSIDERATIONS
The design of any large-signal microwave power-amplifier circuit de-
pends, to a large extent, upon the electrical and physical parameters of the
active discrete device as well as the general performance criteria of power
output, power gain, collector efficiency, and the desired overall circuit
bandwidth.
The electrical performance criteria generally can be met by operating
the power amplifier in a narrowband Class-B or Class-C circuit mode. Narrow-
band operation usually ensures minimal harmonic power output and thus enables
the amplifier to operate efficiently at the fundamental frequency. Broadband
operation, where necessary or feasible, generally is obtained at some sacri-
fice in power gain and/or efficiency. The power amplifiers -onsidered in this
program are essentially narrowband circuits that have a 1-dB bandwidth in the
order of 10 percent.
Class-B operation of the power amplifiers assures relatively good
collector efficiencies with high power gains and power outputs. Class-C opera-
tion will result in somewhat lower power gains, but collector efficiencies
can be appreciably higher than those obtainable from Class-B operation. The
circuits developed in this program were operated in the Class-C mode. Col-
lector efficiencies for these circuits are in the order of 50 percent.
The TA7205 transistor is designed into a hermetic coaxial package and
is intended primaril; for coaxial circuit use. However, the transistor may
also be operated with stripiine or lumped-constant circuitry. Coaxial line,
stripline, and lumped-constant circuits were developed during the course of
FiF
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this program. These circuits are described in detail in Paragraph B of this
section.
2. INPUT IMPEDANCE CONSIDERATIONS
The design of the microwave power-amplifier circuits used in this pro-
gram involved two steps: determination of device input and collector output
load impedances under dynamic operating conditions, and design of properly
distributed filtering and matching networks that were required for optimum
circuit performance.
The input impedance of a microwave transistor (under dynamic operat-
ing conditions) generally cannot be accurately calculated by using the sim-
Flified models of UHF transistors developed to date. These impedances are
beat ..,stermined either experimentally, by using either slotted-line techniques
nr vector-voltmeter methods, or analytically, by studying the transformations
that are present in an optimized circuit. In addition, the dynamic load
impedances presented to the collector terminal, can be determined by using
the design relations discussed in the following subparagraph (Power Output
Considerations).
The input impedance of the TA7205 hermetic coaxial transistor (oper-
ated in the common-base configuration) is relatively low (see the curves of
Figure 8). Note that the effective input impedance is inductive with a very
small real part. The real part increases slowly with frequency (over the range
of 1.4 gigahertz to 2.4 gigahertz), while the imaginary part of this impedance
increases somewhat faster over this same frequency range. This behavior re-
flects both the pellet design and the package design.
The high-frequency current-gain figure of merit (f T) is one of the
more significant parameters in determining the maximum frequency of operation
of microwave transistors. This parameter is strongly dependent upon the
magnitude of the emitter current. Thus, a good microwave transistor should
be able to maintain a high f  at the highest current level that the device
may be required to handle.
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The f  response for the best pellet runs used in the final-design
TA7205 transistors supplied on this contract are shown in Figure 9. Measure-
nents at the 5-volt VCE level indicated :hat maximum f  is achieved in the
range of 400 to 500 milliamperes of collector current. The typical operating
current of the TA7205 transistor is also in this same current range. At tie
10-volt level, the measured f  slumped beyond the 200-milliampere level of
current because the heat sink arrangement in the f  measurement setup was not
adequate. Extrapolation of the experimental data to the 28-volt level (at a
current of 400 to 500 milliamperes) would indicate that the f  of the best
TA7205 transistors was in the order of 2.2 to 2.4 gigahertz, based upon the
increase of 100 megahertz per 5 volts of V CE noted at the 750-milliampere
level of collector current. As shown in Figure 10, the parasitic elements
are extremely low (which is one reason stable high-gain, common-base operation
is possible with this device). The feedback capacitance (C EC ) also is very
low and, thus, also contributes to the stability of the common-base amplifie-..
3. POWER OUTPUT CONSIDERATIONS
The power output that can be obtained from a large-signal RF transistor
is determined largely by the voltage- and current-handling capabilities of
the pellet at the frequency range of interest. High current-handling capa-
bility in the TA7205 transistor is achieved by using the overlay-construction
techniques already described in this report.
In addition to a high current-handling capability, a good microwave
transistor must have sufficient collector voltage ratings to avoid breakdowns
under the large dynamic voltage swings that may appear across the collector
load. For Class-B operation, the load required by the collector is given by
2
_	 VCC - CE(SATJT	
. . . . . . . . . . . . . . . . . . . (5)
Ri.	 2 P0
The collector load resistance, R L ', (the parallel equivalent resistance
of the output load impedance), in general, is not equal to either the tran-
sistor parallel output resistance or to the external load resistance that the
amplifier must work into. Matching networks, thus, are necessary in most cases
28
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to transform the one resistance to the other. At the same time, all reactive
elements in these circuits must he tuned out. The dynamic output capacitance
(C0 ) for Class-B operation is approximately equal to the Cob of the TA7205
transistor as measured at 30 volts.
For Class-C operation, where the collector RF current waveform resembles
the waveform of a half-wave rectifier, the collector load resistance is modi-
fied as follows
R	
2
=	
ACC - ^CE(SAT)_	 . . . . . . . . . . . . . . . . . (6)
I.
	
Ik 	 2 P0
Where k is a factor in the order of 0.8 for the conditions cited. The dynamic
output capacitance (C0) is now approximately equal to 1.2 Cob•
The output impedances shown in Figure 8 are measured values for the
TA7205 transistor using the common-base configuration and operating near the
saturation level. The impedances actually are the conjugates of the circuit
impedances measured under optimized RF performance conditions. These measured
values agree quite closely with the calculated impedance values as determined
from the load-line relations of Eq. (6) and the Co b of the active transistor.
Experimental tests have shown that matching to the output load impedance
(rather than to the output load admittance) improves power gain and efficien-
cies at microwave frequencies. Impedance matching techniques were used, there-
fore, in designing the test fixtures and circuits for this program.
4. DISSIPATION REQUIREMENTS
Microwave transistors operating in the Class-B and Class-C modes may
have collector efficiencies in the order of 50 percent. This result places
a requirement on the amount of power that the collector of the transistor must
dissipate. Since collector efficiency 
n,c 
is defined as
_ RF Power Output
^c	 PDC (Supplied)	 x 100 percent	 (7)
then, for a 50-percent collector efficiency, the DC power supplied to the tran-
sistor must be twice the RF power developed. The difference between the DC
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input power and the RF output power must be dissipated in the transistor.
This heat must be removed if thermal failure of the transistor is not to occur.
The above demands require, primarily, pellet and package designs that
have good thermal conduction properties. The final-design TA7205 coaxial tran-
sistor has a silver collector stud and a silver base flange to obtain good
thermal and electrical characteristics. The collector isolation-ceramic is
made of BeO, which enables a large percentage of the collector heat to be dissi-
pated through the base flange. The base flange is normally operated at ground
potential. Usually, this ground plane is also a massive heat sink.
Additional heat sinking is provided either by the boron nitride (or
Be0) loaded collector and the base lines in the coaxial-line test-fixture
designs, or by the boron nitride loaded collector stud line in the stripline
amplifier circuits described in Paragraph B of this Section.
B. CIRCUIT DESIGN APPROACHES
1. GENERAL CONSIDERATIONS
Since input and output impedances of experimental transistors could
range widely during the course of their development, the basic test fixture
(and test setup) should be capable of evaluating such transistors. The basic
test fixtures, therefore, were designed around nominal device impedances (see
Figure 8), and double-stub or triple-stub tuners were used to achieve optimum
performance from the developmental transistors. While the primary test fix-
ture was constructed to use the basic coaxial-line features of the TA7205
transistor, experimental power amplifiers, using stripline- and lumped-con-
stant circuitry, also were constructed to illustrate the versatility of the
coaxial package design. The small parasitic elements and excellent isolation
of the hermetic-packaged TA7205 transistor give rise to the same excellent
microwave frequency performance in either coaxial, stripline, or lumped-con-
stant circuitry.
The basic tes, setup for power output, power gain, and collector effi-
ciency measurements is shown in Figure 11. This setup can be used with all
test fixtures or circuits that use 50-ohm input and output ports. Input
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power is adjusted by using a calibrated microwave wattmeter (reflectometer).
The reflectometer is also used to monitor reflected input power to aid in
input tuning.
2. 2.3-GIGAHERTZ COAXIAL TEST FIXTURE
The initial design 2.3-gigahertz coaxial test fixture circuit is shown
in Figure 12. This test fixture was originally designed for use with the
plastic-packaged coaxial TA7205 transistors, but later was adapted for use
with the hermetic coaxial transistors.
The TA7205 transistor is operated under signal-bias conditions using
a.common-base, and grounded, configuration. A small amount of emitter resis-
tance (RE) is used to protect the active device against large current excur-
sions during device tune up. For maximum power output, this resistor can be
shorted-out after the device is initially tuned up with the resistor in the
circuit.
The input and output lines in the initial-design test fixture essen-
tially are a/8 sections of low impedance (boron nitride-loaded) coaxial lines.
The line sections are used to transform the device input and collector output
load impedances to purely resistive components, while maintaining minimum line
VSWR's. The resistive components are transformed to the 50-ohm-port impedances
by using capacitive power divider networks (where the small net capacitive
component is tuned out by the small stray circuit inductances that are normally
present).
The test fixture of Figure 12 was modified for the final-design TA7205
samples (see Figure 13). The major revisions incorporated into the final-
design fixture were aimed at both electrical and mechanical improvements.
Since there were substantial changes in the input impedance and the mechanical
outline of the final-design hermetic coaxial TA7205 transistors, it was
necessary to include these changes in the final-fixture design. In addition,
the coaxial lines of the final test fixture were designed to transform the
later;. nominal device impedances directly to 50 ohms (plus a small inductive
component that could be tuned out with a small series capacitance). The small
34
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Figure 12. Initial Design of 2.3-Gigahertz Coaxial-Line Test Fixture for
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series capacitance also served as a DC block for the DC bias supplied to the
active device. Since this redesign did not drastically increase line lengths
and VSWR's, line losses remained reasonably low. The main advantage of the
final-design fixture was that it eliminated the shunt capacitances that were
present in the fixture of Figure 12. These capacitors were operated too close
to their self-resonant frequencies and thus added some shunt losses to the cir-
cuit of Figure 12. The circuit of Figure 13 showed typically an improvement
of 10 to 15 percent in power output over that of Figure 12, and its frequency
response also improved to about 2.5 gigahertz. Elimination of the shunt capa-
citances also increased the 1-dB bandwidth of the final-design fixture to
about 10 percent. The center frequency for the final-design fixture ranges
between 2.1 and 2.3 gigahertz, depending upon the particular pellet run and
coaxial-package design used for the active device. By using double-stub
tuners, i.e., the Basic test setup of Figure 11, all TA7205 transistors can
be evaluated over the range of 1.8 to 2.4 gigahertz with the same final-design
fixture.
A cross-sectional view of the final-design coaxial test fixture is
shown in Figure 14. Figure 15 is a photograph of the test fixture. Perform-
ance data of sample transistors tested in this fixture are given in a follow-
ing paragraph and in Appendix I and constructional details of the test fixture
are given in Appendix II.
3. 2.0-GIGAHERTZ STRIPLINE AMPLIFIER
While the TA7205 transistor was designed primarily to be used in
coaxial line circuits, it also is readily adapted to stripline or microstrip- 	
3
line circuits. An experimental microstrip amplifier circuit is shown in Fig-
ure 16 and Figure 17 is a photograph of this test circuit.
The TA7205 transistor is mounted in a 0.350-inch-ID hole in a 0.210-
inch-thick aluminum block. The base flange is mounted flush to one surface of
	
f
this block. The collector section, however, is mounted through the hole in
the block and a boron-nitride sleeve in the role serves as additional heat
sinking for the transistor (see Figure 17).
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Figure 15. TA7205 Coaxial Test Fixture
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Figure 17. TA7205 Micr^Strip Test Circuit
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The input and output lines are thin copper (5 mils) strips that are
ty ped down on 5-mil Dupont H-Filar (Dupont trademark), which serves as the
dielectric medium of the microstrip circuit. The circuits are fixed-tuned at
about 2.0 gigahertz. The 300-picofarad, ceramic capacitors (used for DC iso-
lation at the input and output ports) are slightly inductive at 2.0 gigahertz.
This factor was overestimated in the original paper design of the circuit and,
as a result, the input resonance was too high and the output was too low. It
was possible ti^ shorten the output line section physirally, but it was neces-
sary to lengthen the input line section electrically by using tapered-line
techniques. The output line essentially is a a/8 section of line where the
impedance characteristic (Z 0 ) was selected for a direct transformation to the
50 ohms of the output port. The source impedance of the output microstrip
section was referenced from point A (see Figure 16), and included the trans-
formation effects of the short coaxial line section, which was formed by the
collector stud passing through the aluminum circuit block.
The electrical performance of this experimental microstrip amplifier
circuit is given in Figure 18. The TA7205 transistor used in this particular
test had lower than average rower gain and power output, but its performance
in the stripline circuit was comparable to the data obtained in the coaxial
test fixture of Figure 13. Previous tests, using a best pellet TA7205 device,
developed 7.0 watts of power with 9-dB gain at 1.8 gigahertz. A 1-dB band-
width of about 10 percent was obtained in these experimental tests. The taped
experimental lines are pressure sensitive, i.e., line impedances vary with
the amount of air space present. This problem should be corrected by either
commercial microstrip boards or a stri line confii	 P	 iration.P
	g
4. 1.4-GIGAHERTZ LUMPED-CONSTANT CIRCUIT
The TA7205 coaxial transistor also may be operated in the more con-
ventional lumped-constant circuit. A samrle circuit is shown in Figure 19.
Figure 20 is a photograph of this circuit.
The common-base (grounded) circuit shown in Figure 20 has the TA7205
transistor mounted in an aluminum circuit block in a manner similar to that
shown for the microstrip circuit (Figure 17). The input section is basically
a T network, and the output section is basically a n network.
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c'igure 20. TA7205 Lumped-Constant Test Circuit
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This circuit developed 7.6 watts at 1.4 gigahertz with a power gain of
11 dB and a collector efficiency of 55 percent. Stable operation in the com-
mon-base mode was achieved (at these relatively high power gain and output
levels) due to the excellent isolation of the TA7205 transistor. Additional
circuit isolation is achieved by locating the input and output circuits on
opposite sides of the transistor mounting block.
C. EVALUATION OF TA7205 HERMETIC COAXIAL-PACKAGED TRANSISTORS
1. GENERAL
Since the TA7205 transistor was intended mainly for operation in the
2.2 to 2.3 gigahertz telemetering band, these transistors were evaluated pri-
marily at 2.3 gigahertz. The sample lots shipped earlier on this contract
were evaluated with the test setup of Figure 11 and the test fixture of Fig-
ure 12, while the final-sample lot (delivered) was evaluated w3.th the final-
design fixture of Figure 13. Some units were evaluated over the entire range
of 1.2 to 2.4 gigahertz to obtain a better understanding of the overall char-
acteristics of the TA7205 transistor as developed in this program. As part
of the overall evaluation, some pulsed-operation performance measurements
were made and the load-mismatch capability of the transistor was investigated
briefly.
2. GENERAL RF PERFORMANCE
The typical RF performance for the average TA7205 hermetic coaxial
transistor developed in this program is given in Figure 21. Note that at 2.3
gigahertz the average unit can develop 5 watts of power (at the knee of satur-
ation curve) with about a 4.7
-dB power gain and a collector efficiency of
about 45 percent. In the overdrive region, between 6.0 and 7.0 watts of out-
put power can be developed at 2.3 gigahertz. Typical power output is about 6
watts at 2.0 gigahertz and 9 watts at 1.2 gigahertz. Power gains and collector
efficiencies are typically 6.0 dB and 45 percent at 2.0 gigahertz and about
11 dB and 60 percent at 1.2 gigahertz.
The RF performance of the hermetic coaxial-packaged TA7205 transistor
using pellets from the best pellet run is shown in Figure 22. These units
}
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developed 6.0 watts of power at 2.3 gigahertz with 6.0-dB power gain. Tne
units also showed useful output powers and pc,:cr gains up to about 2.5 giga-
hertz.
The final-design TA7205 transistors showed significant improvements
in performance over the early-sample plastic-packaged TA7205 transistors.
Improvements were made in all three general areas of endeavor, i.e., pellet,
package, and circuit. A general comparison of the performance of the early
plastic-packaged T:7205, the interim hermetic coaxial TA7205, and the final-
design TA7205 transistors is given in Figure 23. The best units noted in each
category are compared. Pellet and package improvements were discussed in
Section III, while circuit improvements were considered earlier in this Section.
A general product evaluation of the hermetic-packaged coaxial TA7205
transistors is given in Appendix I. Appendix III graphically shows a distri-
bution of this product.
3. PULSE PERFORMANCE OF THE TA7205 TRANSISTOR
An average hermetic coaxial-packaged TA7 205
 
transistor was evaluated
at 2.3 gigahertz under 50 percent duty cycle pulsed-input conditions. The
performance of this transistor is given in Figure 24. This evaluation was
performed in the final-design test fixture and the CW performance is shown
also. Note that significant improvement in pow. ,utput, power gain, and
collector efficiency is obtainable, especially at the higher collector supply
voltages possible with this mode of operation. In addition, it is possible
I
to drive the device harder before saturation effects are seen. Even greater 	 3
improvements can be expected at lower duty cycles and higher supply voltages.
Peak powers in excess of 10.0 watts at 2.3 Ligahertz could be expected under
these conditions.
4. LOAD-MISMATCH CAPABILITY
Several TA7205 transistors were load-pulled at VSWR's of 3:1 and
approximately 10:1 (at all phases) without degradation or failure. While no
attempts were made to evaluate the mismatch capability of these transistors
at higher VSWR's, it can be pointed out that the basic test setup (using
49
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stub tuners) can subject transistors to a wide range of mismatch during tune-
up. Of the hundreds of TA7205 transistors evaluated, only three failures
attributable to a mismatch condition wt:re noted. Two of these units had
extremely high DC betas (on the order of 200) and one unit had a poorly bonded
wire.
The load-pull capability of the TA7205 transistor can be attributed
in part to the good pellet and package design, and also to the circuit design.
Using small emitter-to-base resistance in the test circuits improves the load-
mismatch capability of the transistor.
5. THERMAL CAPABILITY OF THE TA7205
Using silver for the collector stud and the base Ilange and a beryllia
collector-to-base insulator improved the thermal-dissipation capability of
the hermetic coaxial TA7205 transistor over that of the plastic-packaged
TA7205 transistor. This improvement is evidenced in the reduced thermal slump
noted during the evaluation of these transistors. Typical power slump for the
hermetic transistors (at saturated power evels) is about 100 to 200 milliwatts
(from cold start to stabilized power outputs'. Typical power slumps for the
plastic transistors under the same conditions was generally in the order of
4CO to 600 milliwatts.
is
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SECTION V
CONCLUSIONS
During the course of this contract, the TA7205, a silicon overlay tran-
sistor that is capable of delivering 6 watts of output power at 2.3 gigahertz
with 5-dB power gain and 50-percent collector efficiency was designed and
developed. This perfcrmance was obtained with the transistor operating in the
common-base mode as a Class-C amplifier from a 28-volt power supply. The
development of a package capable of efficient operation at 2.3 gigahertz was
required to achieve this performance. A hermetic, coaxial package that met the
electrical, thermal, and mechanical requirements was developed.
The following transistor characteristics were obtained also:
a. Operating under 50-percent duty cycle pulsed-input conditions
from a 32-volt power supply, the TA7205 transistor delivered 8
watts 2.3 gigahertz with 5-dB gain and 56-percent collector
efficiency.
b. With the .Class C biasing arrangement used to obtain the reported
CW performance, the TA7205 transistor can withstand a VSWR of
10:1 at all load phase angles with no degradation.
c. As a Class-C amplifier under CW conditions and at 2.0 gigahertz,
the TA7205 transistor delivers output power in the range of 6 to
7 watts with 8-dB gain and 50-percent collector efficiency.
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APPENDIX II
CONSTRUCTION DETAILS OF 2.3-GIGAHERTZ COAXIAL AMPLIFIER
TAP FOR 7l8-20 NUT
	 TAP FOR 102 SCREW
f- - - - - - - - - -j -
0.510	 -	 -	 _ 0.350	
0.875
L _
0.010	 0•250
0.250	 0•	 TAP FOR 12-32 SCREW
1.040
0.530 ------*^
---------
0.350
----------
1-0166
BORON NITRIDE SLEEVE
COPPER
0.125	 0.187	 0.266
	
0.310
	
a TAP FOR 0.80 X 5132 SCREW
CENTER CONDUCTOR	
(6) SLOTS 600 APART
02557L
NOTE: ALL DIMENSIONS IN INCHES
A. OUTPUT BLOCK
II-1
TAP FOR 10-32 SCREW 
—,., --od	 pe.- 0.250	 -.14 ^- 0.010
0
0.750	
.510
TAP FOR 12-32 SCREW--**- .O. 	14— 0.500
an	 0.840
me	 0.940
T-
0.350
	
0.266
— — — — — — — — — —I
0.430 ---^	 1
BORON NITRIDE SLEEVE
0.266	 0.170
TAP FOR 0-80 X 5,132 SCREW	 0.187
	
0.380	 6 SLOTS 600 APART
CENTER CONDUCTOR
B. INPUT BLOCK
02558L
DIA.
W,
1" DIA.
	^ 	 7/8 - 20 INSIDE THREADS
0.300--- ----_
0.062	 ^ 	 -, t
NOTE: MATERIAL IS BRASS	 02559L
C. CONNECTING FLANGE
II-3
3.5
	 4.0	 4.5
	 5.0	 5.5	 6.0
20
z
0
z 10
0
30
20
U_
0
O
Z
10
0
35	 40	 45	 50	 55
APPENDIX III
POWER OUTPUT, POWER GAIN, AND COLLECTOR EFFICIENCY DISTRIBUTION OF
FINAL-DESIGN TA72O5 HERMETIC COAXIAL TRANSISTORS (DELIVERED UNITS)
NF.
Z
LLO
z° 10
20
0
3.5 4.0	 4.5
	
5.0	 5.5	 6.0	 6.5
Pout (WATTS)	 02656L
III-1
